Glutathione and soluble thiol content were examined in a broad spectrum of bacteria. Significant soluble thiol was present in all cases. The thiol compound was glutathione in most of the gram-negative bacteria but not in most of the gram-positive bacteria studied. Glutathione was absent in four anerobes and one microaerophile but was present in a blue-green bacterium. The glutathione content of Escherichia coli increased significantly during transition from exponential to stationary phase.
Glutathione has long been thought to occur in all living cells (4, 14, 17, 19, 26) , but the fundamental role of this compound has not been clearly identified. The recent isolation of Eschericia coli mutants defective in glutathione biosynthesis (2, 15) represents an important advance in the effort to identify the function of glutathione in cells. While attempting to determine whether changes in the glutathione thioldisulfide status analogous to those observed with Neurospora crassa (13) (10) and Rhodopseudomonas sphaeroides (9), supplied by R. Bartsch. Some bacteria containing glutathione exhibited a declining level upon being stored frozen in excess of 1 year, but in no case was glutathione completely lost.
Extracts were prepared in boiling 80% ethanol and assayed for reduced and oxidized glutathione (GSH and GSSG, respectively) with a cycling enzyme assay, utilizing glutathione reductase as previously described (13) . The thiol content of the ethanol extract was determined by titration with EUman's reagent (12) .
The residue from the ethanol extraction was dried at 100°C and weighed; all results are expressed as a ratio to this residual dry weight. Failure to detect glutathione cannot result from inhibition of the glutathione assay, since each assay was internally calibrated with authentic glutathione. Good recovery was obtained when authentic glutathione was added to B. subtilis before extraction, so that modification or degradation of glutathione during extraction appears unlikely. Since glutathione reductase is quite specific (27) , ap-proximate equivalence of the glutathione and thiol content of extracts is strong evidence for the presence of glutathione. However, where the thiol content greatly exceeds the glutathione content, the possibility that some thiol other than GSH is giving a low but finite activity in the glutathione assay cannot be rigorously excluded. Finally, when low glutathione content was found for bacteria grown in media containing glutathione the possibility that glutathione was derived from the medium must be considered. As much as 0.1 ,umol of glutathione per g was found associated with B. cereus grown in medium containing 33 nmol of added GSH or 16 nmol of added GSSG per ml.
RESULTS
Glutathione was detected in only a few of the gram-positive bacteria studied (Table 1 ) but was found in most of the gram-negative bacteria examined ( Table 2 ). The low level found for L. casei can be attributed to glutathione from the growth medium, which had a total content of 40 nmol/ml. On the other hand, S. agalactiae and S. lactis definitely appear to produce glutathione, since the total found associated with the cells was much greater than the total available in the growth medium. The presence of glutathione was considered uncertain in one grampositive species (S. aureus) and in four gramnegative species (B. alginolytica, B. natriegens, S. marcescens, and M. xanthus), because the thiol content significantly exceeded the glutathione content.
The glutathione content was assayed in C. vinosum (s0.2 imol/g), in R. sphaeroides (sO.1 ,umol/g), and in the blue-green bacterium N. (Table 2) . Glutathione was present at all stages of growth in E. coli, but the level was found to increase in stationary phase as observed previously (1) . Similarly, no substantial glutathione was found in B. cereus harvested in exponential phase or early in stationary phase. Nor was there significant glutathione in these cells when grown in Trypticase soy broth medium, containing traces of glutathione, or in modified G medium, lacking glutathione.
DISCUSSION
The present survey represents the most comprehensive effort to date to establish the distribution of glutathione in bacteria. A brief note by Miller and Stone (20) describes the only other attempt to survey a rather wide spectrum of bacteria. They determined the soluble thiol content as a measure of the glutathione content. It is evident from the present results that this is not a generally valid approach. However, it is interesting that they failed to detect thiol in cocci and bacilli.
In a recent study of sporulation in B. cereus, Cheng et al. (7) found that glutathione associated with the vegetative cells disappeared during spore formation. The glutathione was considered an important source of the cysteine incorporated VOL. 133, 1978 on August 27, 2017 by guest http://jb.asm.org/ Downloaded from into spore coat protein (3) . The present results indicate that this glutathione is not produced by the B. cereus cells. Since the media used contained yeast extract, which is ordinarily rich in glutathione, it is possible that the glutathione found under these conditions was derived from the medium (A. I. Aronson, personal communication).
Another recent study reported the purification of glutathione reductase from C. vinosum (8) . This appears to be in conflict with the present failure to find significant glutathione levels in this organism. The reductase had a Km for GSSG of 7 x 10-3 M, a value two orders of magnitude greater than that found for other glutathione reductases (29). Moreover, this value is greater than the GSH content of most cells. Since GSSG must be present in the cell in much lower levels than GSH, it seems highly improbable that GSSG is the natural substrate for this enzyme. It is more probable that another disulfide having a higher affinity for the enzyme is the normal substrate. If this prediction proves correct, the structure of this disulfide will be of considerable interest. Tests indicate that it cannot be cystine, oxidized lipoic acid, or oxidized lipoamide (8) .
The present findings support and extend conclusions about the role of glutathione derived from the studies of E. coli mutants blocked in glutathione synthesis (2, 15) . Since a wide variety of bacteria lack glutathione, it is clear that this tripeptide is not specifically required for essential processes such as protein synthesis, nucleic acid synthesis, fatty acid synthesis, fermentative metabolism, or amino acid transport. Apontoweil and Berends (2) compared the effects of a wide range of chemical agents on the glutathione-defective mutants of E. coli and on their parent strains. They found generally that the mutants were more sensitive. These observations support the view that glutathione, although not essential for laboratory growth, confers protection against chemical challenge.
An important aspect of the present results is the finding that all bacteria examined had significant levels of soluble thiol. The structure and function of such thiols in bacteria lacking glutathione is an important subject for further study. Setlow and Setlow (24) have found coenzyme A to be present at 1.45 jumol/g in B.
megaterium during exponential growth, so that coenzyme A is a major contributor to the thiol pool. They have also shown that little coenzyme A is in the disulfide form in vegetative cells but most of it is in the disulfide form in the spores. Thus, whereas sporeforming bacteria appear to lack glutathione, other soluble thiols such as coenzyme A may undergo thiol-disulfide changes upon transition to and from the dormant state, similar to the changes in glutathione found with N. crassa (13) .
